During S-phase, DNA replication and chromatin assembly are coordinated at the replication fork to duplicate the genome and epigenome rapidly and accurately. DNA template damage and other forms of replication stress challenge genetic stability and activate a DNA damage response 1 . This signaling pathway protects and repairs damaged replication forks to promote successful completion of chromosome replication and prevent diseases such as cancer 2 . Immunofluorescence imaging is a useful method to detect proteins in active replisomes or proteins recruited to damaged forks. However, immunofluorescence imaging suffers from low resolution, poor sensitivity and a requirement for highly specific antibodies 3 . Other methods such as chromatin immunoprecipitation (ChIP) have limited applicability to mammalian cell replication because of difficulties in obtaining synchronous cultures and the lack of highly efficient, sequence-specified origins of replication 4 . Purification of replisome protein complexes through protein-protein interactions is useful to identify potential components, but it provides limited spatial information about protein localization.
IntroDuctIon
During S-phase, DNA replication and chromatin assembly are coordinated at the replication fork to duplicate the genome and epigenome rapidly and accurately. DNA template damage and other forms of replication stress challenge genetic stability and activate a DNA damage response 1 . This signaling pathway protects and repairs damaged replication forks to promote successful completion of chromosome replication and prevent diseases such as cancer 2 . Immunofluorescence imaging is a useful method to detect proteins in active replisomes or proteins recruited to damaged forks. However, immunofluorescence imaging suffers from low resolution, poor sensitivity and a requirement for highly specific antibodies 3 . Other methods such as chromatin immunoprecipitation (ChIP) have limited applicability to mammalian cell replication because of difficulties in obtaining synchronous cultures and the lack of highly efficient, sequence-specified origins of replication 4 . Purification of replisome protein complexes through protein-protein interactions is useful to identify potential components, but it provides limited spatial information about protein localization.
To overcome these technical challenges, we developed iPOND 5 . In addition to its use for monitoring replisome dynamics, iPOND provides a method for examining protein recruitment and modification at damaged replication forks and for analyzing chromatin deposition and maturation.
Overview of iPOND
The iPOND methodology enables the purification of proteins bound directly or indirectly to the nascent DNA at replication forks. The method relies on labeling short fragments of nascent DNA with EdU, a nucleoside analog of thymidine 6 . EdU contains an alkyne functional group that permits copper-catalyzed cycloaddition (click chemistry) 7 to a biotin azide to yield a stable covalent linkage (Fig. 1 ). This facilitates a single-step purification of DNA-protein complexes based on the high-affinity biotin-streptavidin interaction.
The iPOND procedure (Fig. 2) begins by incubating cells with EdU for a short period of time (typically 2-15 min). The cells are then fixed with formaldehyde, which serves to both stop DNA replication and cross-link protein-DNA complexes. A click reaction in the presence of copper to conjugate biotin to EdU is completed in detergent-permeabilized cells. Some DNA fragmentation occurs during this step because of copper-catalyzed hydrolysis of the DNA. Cells are then lysed in denaturing conditions and sonication completes the DNA fragmentation producing solubilized DNA-protein complexes. Streptavidin-coated beads purify the nascent, EdU-labeled DNA-protein complexes. Finally, the proteins are eluted from the complexes. Standard immunoblotting or mass spectrometry (MS) methodologies can be used to detect the purified proteins and post-translational modifications.
The spatial and temporal resolution achieved with iPOND depends on EdU incubation time, the rate of DNA synthesis and chromatin fragment size. Experimentally, EdU incubation time and replication rate are the major determinants of iPOND resolution, as the protocol consistently yields chromatin fragments of 100-300 bp. The shortest EdU incubation time we have used to purify replisome components is 2.5 min (ref. 5) . As forks move between 750 and 2,000 bp min − 1 (ref. 8) , as much as 5,000 bp could contain EdU during a 2.5-min incubation, yielding a resolution of 5 kb. This is likely to be a substantial underestimation of the resolution because EdU must enter the cell and be phosphorylated before incorporation. Our analysis indicates that a 2.5-min incubation with EdU is sufficient to capture replisome proteins and that longer incubations with EdU are required to isolate newly deposited chromatin 5 .
and not the chase sample. In contrast, other chromatin-bound proteins such as histones may be detected in both samples. The pulse-chase experimental design is also the method of choice for the second major iPOND application-monitoring changes in chromatin located at various distances from the replication fork. Chromatin reassembly after passage of the replication fork occurs as a function of time and hence distance from the elongating fork 9 . The use of iPOND to purify histones on a segment of EdU-labeled DNA after various times of thymidine chase permits an analysis of how chromatin architecture is restored behind the elongating fork. For example, we used iPOND to document the timing of the deacetylation of newly synthesized histone H4 after deposition 5 . Finally, iPOND can be used to detect protein recruitment or post-translational modifications of proteins at damaged forks. The procedure in this case is to pulse for a short time with EdU, then to add a replication stress agent such as hydroxyurea (HU) or camptothecin (Fig. 3b) . HU is particularly useful as high concentrations largely stop fork movement, facilitating an analysis of transiently or persistently stalled forks. Combining the DNA damaging protocol with the pulse-chase procedure also enables an examination of DNA damage-dependent events at different distances from the damaged fork. For example, we used this procedure to demonstrate spreading of H2AX phosphorylation from an HU-stalled fork 5 . Thus, the high spatial resolution of iPOND is derived from the capacity to measure the position of protein changes in relation to the replication fork. Theoretically, this system can also be used to monitor long-term changes in chromatin structure after DNA damage or replication stress by simply extending the time frame of the chase.
These three major applications are quite powerful, especially when combined with genetic or small molecule-mediated inactivation of specific pathways that regulate DNA replication, chromatin deposition and maturation, and DNA repair. iPOND is compatible with all proliferating cell types. We have used it successfully in HEK293T, HCT116, NIH3T3 and mouse embryonic fibroblasts (B.M.S. and D.C., unpublished observations). Thus, cell lines engineered to have mutations in specific pathways can be used directly with iPOND without any major modifications to the protocol. iPOND can also be extended for use beyond mammalian cell culture. Any cell type that can incorporate EdU during DNA synthesis (or be engineered to use EdU) can be used. In fact, we have used iPOND to purify DNA-protein complexes from the yeast Saccharomyces cerevisiae, although substantial optimization will be required to improve purification efficiency (F.B.C. and D.C., unpublished observations).
In addition to these three documented applications, iPOND can be used to study other processes that involve DNA or even RNA synthesis. An example would be DNA repair synthesis outside of S-phase. Synchronized or terminally differentiated cell cultures could be exposed to DNA damaging agents in the presence of EdU. The late steps in repair of that damage or the re-establishment of chromatin following repair synthesis can be monitored with iPOND. Synchronized cell cultures could also be used to examine the differences in DNA replication, chromatin deposition or DNA repair that occur in early versus late S-phase cells. This approach was recently used by Kliszczak et al. 10 to describe a methodology similar to iPOND. Another application could be to monitor DNA synthesis outside of the nucleus such as in mitochondrial DNA if iPOND is combined with a purification step that isolates this organelle. iPOND could theoretically be adapted to analyze even proteins on nascent RNA, as click chemistry has been used to label newly synthesized RNA with the uridine analog 5-ethynyluridine 11 . Finally, combining iPOND with quantitative MS should be a powerful methodology for identifying new replisome and DNA damage response proteins, as well as for monitoring the substantial numbers of post-translational modifications at damaged forks. Option A
Step 6. EdU-label nascent DNA
Step 12. Formaldehyde cross-link protein-DNA complexes
Step 31. Biotin-conjugate nascent DNA (click chemistry)
Step 39. Lyse and sonicate
Step 55. Streptavidin-purify protein-DNA complexes
Step 64. Elute protein-DNA complexes
Step 67. 
Comparison with other methods
Compared with conventional indirect immunofluorescence, iPOND has an improved sensitivity of detection because even low-abundance replisome proteins such as polymerases are isolated 5 . It also provides improved spatial and temporal resolution. An improved imaging technique permits single-molecule detection of replisome proteins in bacteria 12 ; however, unlike imaging, iPOND is compatible with unbiased approaches for protein identification such as MS.
ChIP is a powerful substitute for several iPOND capabilities in organisms such as S. cerevisiae that have highly efficient, sequencedefined origins of replication and cell cycle synchronization is easily achieved. ChIP has the advantage of being more sensitive than iPOND as it detects DNA sequences after PCR amplification. However, ChIP requires highly specific, often unavailable antibodies and is not compatible with unbiased approaches such as MS. Moreover, although ChIP has been used in mammalian systems to examine protein recruitment to origins of replication 13 , it is generally not useful for studying the dynamic processes associated with fork elongation and chromatin maturation. Finally, adapting ChIP to studying damaged replication forks in mammalian cell culture awaits the development of ways to engineer site-specific DNA lesions that stall forks with high efficiency as has been done using Xenopus egg extracts to study interstrand cross-link repair 14, 15 . The most comparable technology to iPOND is the immunoprecipitation of nascent DNA-protein complexes with antibodies to halogenated nucleoside analogs, which was used to examine the recruitment of the homologous recombination factor RAD51 to sites of replication fork stalling 16 . However, the relatively low affinity of this antibody-epitope interaction and the requirement for DNA denaturation for antibody access necessitated a very long chlorodeoxyuridine (CldU)-labeling period (40 min), providing little advantage over biochemical fractionation of chromatin. In principle, biotin-dUTP could be used directly to label the nascent DNA, thus avoiding the need to perform the click chemistry reaction. However, biotin-dUTP is not cell permeable, thus necessitating some cellular manipulation to introduce it into cells, and the large biotin tag may interfere with DNA structure and protein associations with DNA.
Experimental design
Several parameters can be varied within the iPOND protocol depending on the specific experimental purpose. As outlined above, the EdU pulse and chase combinations yield different types of information. In addition, it may be useful to omit the formaldehyde cross-linking step. In particular, formaldehyde cross-linking may complicate analysis of proteins by MS if the cross-links are not fully reversed. Chromatin can be captured with iPOND without cross-linking, provided that Igepal or another nondenaturing detergent is used in the lysis step and that the salt concentration in the wash step is reduced (Box 1).
A second experimental design option is to change the elution methodology. For most applications we found that boiling in SDS sample buffer is sufficient to reverse cross-links and solubilize proteins after purification (Fig. 2 , elution option A). However, this method also releases any proteins that bind to the bead matrix nonspecifically and does not release the DNA from the beads. The use of a cleavable biotin azide in the click reaction facilitates elution in milder conditions to improve specificity and recovery of the DNA (Fig. 2 , elution option B). Several cleavable biotin azides have been described 17 . We successfully use a UV-photocleavable biotin-azide synthesized by Ned Porter's group at Vanderbilt 18 . This elution option may also be useful in experimental systems where biotinylation of endogenous proteins is a concern.
Controls
Control samples are essential for interpreting the results. Most importantly, a control for the specificity of the purification is needed. This control is analogous to the preimmune control for coimmunoprecipitation experiments. We typically use a sample that omits the biotin azide during the click reaction (Steps 29 and 30). Alternatively, a sample in which the cells were not incubated with EdU can be used as the control. No DNA-protein complexes should be purified in this control sample. If any protein is detected, it is likely to come from nonspecific interactions with the streptavidin matrix or precipitation of protein during the manipulations. with EdU for 10 min and then incubated with thymidine (Thd) for 0, 10 or 30 min as indicated. iPOND was performed as described in the protocol. Eluted proteins were analyzed by SDS-PAGE followed by immunoblotting for the replication proteins PCNA, chromatin assembly factor 1 (CAF-1/p60) and histone H2B. As expected, proteins are detectable in every sample of the input (lanes 1-4) . In the absence of click chemistry (No Clk, lane 5, negative control), no proteins are isolated from nascent DNA. PCNA and CAF-1 are enriched specifically at the replication fork (Click rxn, lane 6), but not on nascent DNA that is thymidine chased away from the replication fork (Click rxn, lanes 7 and 8). In contrast, a chromatin-bound protein such as H2B is detectable both at the replication fork (Click rxn, lane 6) and in thymidine-chased samples (Click rxn, lanes 7 and 8).
A second control is needed to ensure that a purified protein is actually enriched at replication forks, as opposed to simply being an abundant chromatin-associated protein. This control is a sample in which the EdU is removed and cells are incubated with thymidine for several minutes before collecting (a chase sample). Proteins that travel with the replication fork will only be detected before this thymidine chase. If a protein is detected in the chase sample, this indicates that it is a chromatin-bound protein but not specifically part of the replisome.
Finally, control immunoblots to examine known replisome components, such as proliferating cell nuclear antigen (PCNA), should be performed within each experiment to ensure that the procedure worked as expected. Although these cell numbers are large, they are obtainable by using standard cell culture methods.
iPOND is an ensemble methodology, meaning that the data comes from hundreds of replication forks in millions of cells. It provides a picture of an average replication fork and cannot distinguish the significant heterogeneity between cells in the population or between forks within different genomic regions. Thus, identification of two proteins by iPOND does not mean that those two proteins are necessarily recruited to the same nascent DNA segment. Furthermore, distinguishing the relative distribution of proteins within the chromosomal space at the replication fork is currently not possible with iPOND. Such high-resolution mapping has been achieved with in vitro replication systems by using T4 DNA polymerase and primer template DNA that contains a position-specific cross-linkable aryl azide 19 . This elegant study provided topographical information about the location of binding of accessory proteins respective to polymerase interaction with and movement along the DNA template. Finally, iPOND resolution may be improved in a system in which EdU exists as the sole nucleoside to pair with adenosine. This could be achieved in a cellular system such as Xenopus, in which dNTPs are added in a controlled manner for incorporation into nascent DNA. Sodium l-ascorbate Freshly prepare 20 mg ml − 1 of ( + ) sodium l-ascorbate (reducing agent) in H 2 O; limit exposure to air and store on ice until needed. Click reaction mixes To prepare click reaction cocktails, please see Table 1 for details. Cocktails are freshly prepared for each experiment before the click reaction (PROCEDURE, Step 28). 
2| Expand cell cultures 1 d before EdU incubation (
Step 3) to ensure that the cells are growing optimally. Include one extra dish of cells for counting the cell number in Step 3.  crItIcal step For HEK293T cells, the experiment works best when cell confluence is between 4 and 6 × 10 7 cells per dish on the day of the EdU pulse. Cells must be in log phase of growth and should not be overgrown. Monitor proper incubator temperature and CO 2 content. EdU incorporation is not maximal unless these crucial parameters are met. If you are performing chases, equilibrate the medium to 37 °C and the proper CO 2 content overnight. edu labeling of nascent Dna • tIMInG 10 min-8 h 3| Determine the cell number in the extra dish of cells from Step 2. This cell number will be used to calculate the amount of the reagents used for each sample in Step 29.
4|
Plan out times to pulse, chase, fix, quench, collect and wash the samples.  crItIcal step Stagger the samples to ensure that each is treated equally throughout the processing steps.
5|
To pulse cells with EdU, remove the dishes from the incubator and place them in a biological safety cabinet.
6|
Add 23 µl of the 10 mM EdU stock into 23 ml of cell culture medium in each dish to achieve a final EdU concentration of 10 µM. Return the dishes to the incubator for the desired pulse time (e.g., 10 min).
7|
If thymidine chases or drug treatments are not being performed, skip to Step 11.
8|
To perform thymidine chase or addition of drug, remove the dishes from the incubator and decant the medium.
9|
Carefully wash the cells with 5 ml of chase medium and decant. The chase medium should have been pre-equilibrated to 37 °C and the proper CO 2 content.
10| Add 20 ml of chase medium containing 10 µM thymidine or the desired concentration of DNA damaging drug. Return the dishes to the incubator for the desired length of time.  crItIcal step It is important to perform Steps 5-10 as quickly as possible to prevent pH and temperature changes in the medium, which can affect replication rates.
Formaldehyde cross-linking and collection of cells • tIMInG 1 h 11| After EdU pulse and/or chase, decant the medium.
12|
Immediately fix the cells on a dish by adding 10 ml of 1% (wt/vol) formaldehyde in PBS and incubating for 20 min at RT.
13| Quench cross-linking by adding 1 ml of 1.25 M glycine.
14|
Collect the sample by scraping with a cell lifter and transfer it to a 50-ml conical tube. Note the volume. This is the same volume that should be used for PBS washes in Step 17. 21| Spin down for 5 min at 900g, 4 °C.
22|
Carefully decant the supernatant.
23|
Wash the cells once with cold 0.5% (wt/vol) BSA in PBS, using the same volume as used for permeabilization in Step 19.  crItIcal step BSA prevents the cell pellet from detaching from the wall of a 50-ml conical flask. A loose pellet will lead to the loss of cells in this step.
24|
Centrifuge the cells for 5 min at 900g, 4 °C, and then decant the supernatant. ? trouBlesHootInG 25| Wash the cells once with PBS using the same volume as used for permeabilization in Step 19.
26|
Spin down for 5 min at 900g, 4 °C.
27|
Decant the supernatant and place the pellets on ice while completing the preparation for the click reaction cocktail.
click reaction • tIMInG 2 h 28| Thaw an aliquot of stock biotin azide by placing it on a 37 °C heat block.  crItIcal step If you are using photocleavable biotin azide, keep the reagent protected from light and prepare the click reaction cocktail in the dark.
29|
To calculate click reaction cocktail volumes, table 1 lists the amounts of each reagent needed per reaction with an example sample size of 1 × 10 8 cells. The actual volumes should be adjusted on the basis of the cell number measured per sample (Step 3). Note that two click reaction cocktails need to be prepared: one for the control, which contains DMSO, and one for the experimental samples, which contains the biotin azide.
30|
Combine the click reaction cocktail reagents on ice in the order listed in table 1.
31| Resuspend the cell pellets from
Step 27 in the click reaction cocktail from Step 30 by vortexing.
32|
Rotate the reactions at RT for 1-2 h.
33|
Centrifuge the samples for 5 min at 900g, 4 °C, and decant the supernatants.
34|
Wash the cells once with cold 0.5% (wt/vol) BSA in PBS, using the same volume as used in click reaction for one sample.
35| Centrifuge for 5 min at 900g, 4 °C and decant supernatant.
36|
Wash the cells once with PBS, using the same volume as used in click reaction for one sample.
37|
Decant the PBS and invert the tubes on a paper towel to remove all PBS.  pause poInt The samples can be flash-frozen and stored at − 80 °C for a few days.
cell lysis and sonication • tIMInG 1 h 38| Prepare the lysis buffer by adding aprotinin and leupeptin before use (see REAGENT SETUP) and place on ice.
39| Resuspend the samples from
Step 37 at a concentration of 1.5 × 10 7 cells per 100 µl of lysis buffer and transfer them to 1.5-ml centrifuge tubes on ice. To examine DNA fragment size at this step, see Box 2. 
44|
To examine DNA fragment size at this step, see Box 2 for cross-link reversal and DNA analysis.
45|
Dilute the lysate 1:1 (vol/vol) with cold PBS containing 1 µg ml − 1 of aprotinin and leupeptin.  crItIcal step Samples have been diluted to contain 0.5% (wt/vol) SDS and 25 mM Tris because less efficient biotin capture is observed in lysates containing 1% (wt/vol) SDS.
46|
Note the final capture volume.
47|
Remove 15 µl of the lysate to save as the input sample for use in Step 64 and place it on ice. Immediately add 15 µl of 2× SB to this input sample and store at − 80 °C. The remaining lysate is used for the streptavidin capture, which is described below. streptavidin capture of biotin-tagged nascent Dna and associated proteins • tIMInG 16-20 h 48| To capture biotin-tagged nascent DNA, each sample from Step 47 is incubated with streptavidin-agarose beads at a concentration of 100 µl of bead slurry (50 µl packed volume) per 1 × 10 8 cells. First, wash sufficient beads for all samples together by centrifuging the bead slurry at 1,800g for 1 min at RT.
49|
Slowly and carefully aspirate the storage buffer from the beads.
50|
Wash the beads twice with 1:1 (vol/vol) lysis buffer containing aprotinin and leupeptin.
51|
Carefully and slowly aspirate the supernatant after each wash in Step 50.
52|
Wash the beads once with 1:1 (vol/vol) PBS containing aprotinin and leupeptin; carefully aspirate the supernatant.
53|
Resuspend the beads in 1:1 (vol/vol) PBS containing protease inhibitors.
54|
Add an equal volume of beads to each sample from Step 47 with a pipette tip that is cut at the end.
55|
Rotate the biotin captures in a cold room for 16-20 h (in the dark if photocleavable biotin azide is used).
56|
Centrifuge the streptavidin-agarose beads with the captured DNA and associated proteins for 3 min at 1,800g, RT.
57|
Very slowly and carefully aspirate most of the supernatant.  crItIcal step The supernatant should be light blue/clear with no precipitate. ? trouBlesHootInG 58| Add 1 ml of cold lysis buffer (no additives needed) to wash the beads.
59|
Rotate at RT for 5 min.
60|
Centrifuge for 1 min at 1,800g at RT and carefully aspirate and discard the supernatant.
61|
Wash the beads once with 1 ml of 1 M NaCl.
62|
Rotate and pellet the beads by repeating Steps 59 and 60.
63|
Repeat the lysis buffer washes (Steps 58-60) two more times. elution of proteins bound to nascent Dna • tIMInG 1-4 h 64| Protein elution can be performed using option A (boiling in 2× SB) or option B (UV photocleavage), depending on the amount of background observed in the negative control. Option B is best suited for proteins that show substantial background and require larger amounts of starting material for detection. 
antIcIpateD results
Typically, 1 × 10 8 cells are EdU labeled and processed by using iPOND to yield sufficient material for immunoblotting with 2-3 antibodies. A protein is interpreted to be enriched at the replication fork if the following conditions are met: the protein is detected in a click reaction sample that has been EdU labeled (Fig. 4, lane 6) ; the protein is not detected in a sample that omits the click reaction (Fig. 4, lane 5) ; and the protein level is progressively decreased in the thymidine chase samples (Fig. 4, lanes 7-8) . Chromatin-bound proteins will appear to be enriched specifically after the click reaction, but they will also be detected in the thymidine chase sample (Fig. 4, e. g., histone H2B). Replication stress proteins recruited to damaged forks will be detected only after a chase into a replication stress reagent (Fig. 3b) . 
